The liquid/solid interface provides an ideal environment to investigate self-assembly phenomena, and scanning tunnelling microscopy (STM) is one of the preferred methodologies to probe the structure and the properties of physisorbed monolayers on the nanoscale. Physisorbed monolayers are of relevance in areas such as lubrication, patterning of surfaces on the nanoscale, and thin film based organic electronic devices, to name a few. It's important to gain insight in the factors which control the ordering of molecules at the liquid/solid interface in view of the targeted properties. STM provides detailed insight into the importance of molecule-substrate (epitaxy) and molecule-molecule interactions to direct the ordering of both achiral and chiral molecules on the atomically flat surface. The electronic properties of the self-assembled physisorbed molecules can be probed by taking advantage of the operation principle of STM, revealing spatially resolved intramolecular differences within these physisorbed molecules.
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Introduction
Control of the lateral assembly and spatial arrangement of micro-and nano-objects at interfaces is often a prerequisite when it comes to potential applications in the field of nanoscience and technology. To create two-dimensional (2D) patterns, one can take advantage of 'active' manipulation techniques such as photolithography or electron beam lithography [1], and 'soft lithography' techniques [2] . Scanning probe microscopy (SPM) techniques, such as scanning tunnelling microscopy (STM) and atomic force microscopy (AFM), are another class of techniques, which can be implemented for the controlled manipulation of matter [3-6]. Self-assembly methods provide an alternative approach to make defined structures with dimensions on the nanometer scale. Self-assembly is a natural phenomenon, which can be observed in many biological, chemical and physical processes. A textbook example of self-assembly on surfaces is the spontaneous formation of chemisorbed self-assembled monolayers (SAMs) [7] , typically thiols on gold [8] . Chemisorption renders the modified substrate properties which differ significantly from the 'naked' substrate, which makes these chemisorbed self-assembled monolayers of prime interest for technological applications. Modification of the exposed groups at the monolayer/air interface leads to a wealth of possibilities to change the properties of the layer, which can be achieved on the nanometer scale by SPM [5,6,9,10]. In contrast to chemisorption, physisorption is not very suitable for making 'permanent' architectures. Nevertheless, these physisorbed adlayers are model systems to investigate the interplay between molecular structure and the formation of ordered assemblies in two dimensions. In addition, SPM techniques allow the investigation of molecular properties (conformation, reactivity, chirality, electronic properties) often at the single molecule level.
STM is one of the preferred techniques to investigate the ordering and properties of these self-assembled layers, in general monolayers, both under ultrahigh vacuum conditions as well as at the liquid/solid or air/solid interface. In STM, a metallic tip is brought very close to a conductive substrate and by applying a voltage between both conductive media, a tunnelling current through a classically impenetrable barrier results between the two electrodes. The direction of the tunnelling depends on the bias polarity. The exponential distance dependence of the tunnelling current leads to excellent control of the distance between the probe and the surface and very high resolution (atomic) on atomically flat conductive substrates can be achieved. For imaging purposes, the tip and substrate are scanned precisely relative to one another and the current is accurately monitored as a function of the lateral position. The contrast in STM images reflects both topography and electronic effects. In the constant height mode, the absolute vertical position of the probe remains constant during raster-scanning and the tunnelling current is plot as a function of the lateral position.
Successful monolayer formation and STM imaging require balanced molecule -substrate interactions: a too strong interaction immobilises the molecules and impedes self-assembly into ordered 2D layers. A too weak adsorbate -substrate interaction leads to a too high mobility and high-resolution STM imaging becomes impossible.
The organic liquid/solid interface provides a particularly interesting environment to carry out the self-assembly experiments and their investigation by scanning tunnelling microscopy [11] . Compared to sample preparation and measuring under UHV conditions, the liquid/solid interface has a number of advantages: 1) The experimental approach is straightforward and does not require a complicated or as expensive infrastructure.
2) Though the UHV environment provides excellent control leading to unprecedented high resolution [12] , not all species can be adapted to UHV, such as those with relatively low thermal stability or big size. The demands set on the properties (size and function) of the molecules under investigation at the liquid/solid interface are more relaxed.
3) The choice of solvent can be tuned in function of the particular solute and/or substrate. Typically, the solvent has a low vapour pressure, is non-conductive (electrochemically inert), and shows a lower affinity for the substrate than the solute. 4) The dynamic exchange of molecules adsorbed on the surface and in the liquid phase promotes repair of defects in the self-assembled layers. As a result, the liquid/solid interface approach in combination with STM imaging is becoming increasingly popular to induce and investigate self-assembly on surfaces [13, 14] . Additional control of the monolayer formation can be achieved under potential control in aqueous solutions. Under electrochemical conditions, adsorbate-substrate interactions can be modulated by the surface charge density. Electrochemical environments offer therefore additional possibilities to control surface dynamics and monolayer structure via the surface charge and to image those structures by means of electrochemical scanning tunnelling microscopy (EC-STM) [15] [16] [17] .
In this contribution, we give an overview of our latest efforts related to the study of monolayer formation and their properties at the organic liquid/solid interface with a focus on molecular conformation and its relation to monolayer formation and structure, the expression of molecular chirality and bias dependent imaging of molecules.
Results and discussion

Hydrogen bonding and control of monolayer structure
Hydrogen bonding has been amply explored for self-assembly purposes in solution and in three-dimensional (3D) crystals [18] [19] [20] . Hydrogen bonding has been exploited for self-assembly at surfaces too, including the liquid/solid interface [21] . Such studies clearly show that the hydrogen bonding pattern is not only governed by the anticipated intermolecular interactions but also by molecule-substrate interactions.
A first important issue is the control of molecular conformation, guided by hydrogen bonding, and the subsequent control of the ordering of molecules in two-dimensional crystals.
Foldamers
The observation that linear alkyl fragments featuring amide or urea groups form lamellar structures reminiscent of the β-sheets found in nature upon adsorption at the liquid/solid interface of HOPG prompted us to introduce a β-turn mimic in these systems as a next logic step. A 2D turn mimic should obey the requirements that (i) the entire structure is flat, (ii) the alkyl groups are spaced by approximately 5.0 Ǻ, that is the optimal distance for H-bonding, and (iii) the amide moieties are kept in registry, with respect to position as well as orientation.
We successfully designed a 2D turn element for oligo-amide sequences. The catechol moiety (Figure 1) is flat, bifunctional, and derivatives are synthetically accessible; the ortho-substitution pattern endows the structure with the necessary geometry for making turns. A systematic conformational search identified the conformation most likely to fold in a plane involving the formation of an intramolecular hydrogen bond (Figure 1 ). The length of the spacers between the catechol and amide moieties plays an important role in the folding process. As forecasted by the calculations, derivatives obeying the rule n = m + 1 or n = m + 3 give (Figure 1 ) folded structures upon adsorption at the liquid/solid interface. However, in general no long range ordering is observed and only in case where the amide groups are positioned asymmetrically with respect to the length of the alkyl chains (foldamer 1), 2D crystals of perfectly folded molecules are formed. These results constitute a promising approach towards surface patterning and extension of the concept towards derivatives [22] . 
Intermolecular hydrogen bonding
Tuning the intermolecular interactions by tailoring the non-covalent interactions indeed leads to control of the self-assembly process. Of special interest are those molecules with 'functional' moieties, such as conjugated oligomers. p-phenylene vinylenes are such an important class. Three types of chiral p-phenylene vinylenes have been investigated (Figure 2 ), which differ in their hydrogen bond forming abilities [23] [24] [25] [26] . They all carry (S)-2-methyl butoxy groups along the backbone. In the first type, oligo-p-phenylene vinylenes which are at both termini functionalised with three dodecyl chains (2) (Figure 2A ), self-assemble in highly organised 2D crystals on graphite by spontaneous self-assembly [23] . They form rows and the bright features correspond to the conjugated backbones, of which one is indicated by a white oval. Alkyl chains are interdigitated.
In the second and the third type, the molecules are functionalised by hydrogen bonding groups such as ureido-s-triazine (type 2) (3) ( Figure 2B ) or 2,5-diamino-triazine groups (4a and 4b) (type 3) ( Figure 2C ). The ureido-s-triazine derivatised oligo-p-phenylene vinylenes show linear dimerisation via self-complementary hydrogen bonding, as expected [24] . The molecules are indeed stacked in parallel, though not equidistant rows. The fact that the conjugated backbones forming a dimer are slightly shifted is in line with the hydrogen bonding pattern formed. In contrast, the 2,5-diamino-triazine derivatised oligo p-phenylene vinylenes show cyclic hexamer formation [25, 26] . By functionalising the oligomers the ordering can be controlled. 
Intermolecular hydrogen bonding in multicomponent complexes
Given that the fabrication of highly ordered monocomponent supramolecular structures by design at surfaces is not always trivial, the controlled formation of multicomponent composites with a well-defined ordering forms an even bigger challenge. We have compared the complex formation of two distinctly different but related systems which are designed to form trimers based upon hydrogen bonding [27] . The central unit of the anticipated trimer is a merocyanine dye (6) or a substituted perylene bisimide derivative (7). Both dyes have two sets of hydrogen bonding sites, i.e., -CO-NH-CO-(imide), where NH is a hydrogen bond donor (D) and CO a hydrogen bond acceptor (A), giving rise to a A-D-A sequence. Most importantly, the relative orientation of the hydrogen bonding units differs in both molecules: in 7 both A-D-A sets are parallel but facing opposite directions, while in 6 these sets are at an angle of ~120°. For the formation of well-defined heterocomplexes, an alkylated diamino triazine derivative (5) having a D-A-D hydrogen bonding set, i.e., NH-N-NH, is selected to form complementary hydrogen bonding with the A-D-A sequence. This type of interaction should favour heterocomplex formation as recently found in solution [28] . It is anticipated that the interaction between 5 and 6 will give rise to a termolecular complex having a triangle configuration. Also 5 and 7 are expected to form a termolecular complex, though now in a linear fashion (see Figure 3) . This difference may also strongly affect their long range ordering. As anticipated upon mixing the two components, termolecular complexes are formed at the liquid/solid interface which is a clear indication that hydrogen bonding is indeed involved (Figures 4 and 5) . However, there are important differences between both systems. A 5/6 mixture leads to the formation of true 2D crystals: heterocomplexes are exclusively formed and they organise in large domains. In contrast, 5:7:5 complexes are formed only locally, they assemble in rows, they do not cover complete domains, and they coexist with non-complexed 5-dimers within the same domain. Moreover, also the conditions to achieve heterocomplex formation and 2D ordering are different. For the 5/6 system, the solution contains the compounds in a 2:1 ratio, anticipating and leading to termolecular (2:1) complex formation. Adding the compounds in sequence did not give rise to formation of monolayers of the complex: only domains with the pure compounds were observed. In order to successfully form 5:7:5 complexes at the liquid/solid interface, it was necessary to add a large excess of 7, typically in a 1:9 ratio. Both 5 and 6 show a higher affinity for graphite than 7 as expressed by the fact that both 5 and 6 self-assemble on the surface into ordered monolayers with laterally immobilised molecules, while it was not possible to visualise 7 under analogous experimental conditions. The very high excess of 7 required to induce heterocomplex adsorption, in combination with the fact that 7 co-adsorbs with 5 only gradually in time, leads to the conclusion that the formation of a 5-layer is at least kinetically favoured compared to 7 and heterocomplex adsorption.
The data presented suggest some guidelines for the successful preparation of heterocomplexes based upon hydrogen bonding at the liquid/solid interface and the creation of two-dimensional networks. Heterocomplex formation on surfaces will be favoured if in addition to non-covalent interactions between the different partners which exceed the intermolecular interactions between molecules of the same kind, the tendency of adsorption of the heterocomplexes is higher or comparable to the pure components. If so, heterocomplexes formed in solution may successfully adsorb on the substrate and grow to 2D crystals. In the case that heterocomplexes have a lower affinity for adsorption on the substrate than (one of) the pure components, the expected higher affinity of (one of) the pure compounds for the substrate will favour the adsorption of the pure compound(s) and destabilise the heterocomplexes formed in solution. Therefore, heterocomplex formation on the substrate should be disfavoured. However, in case the heterocomplex formation does not disturb significantly the 2D ordering of the dominant species (i.e., 5 for the 5/7 system), heterocomplex formation might still be observed. Upon successful heterocomplex formation on the substrate, the formation of 2D crystalline domains will be favoured if the structure of the heterocomplexes is not compatible with the ordering of (one of) the pure components.
The role of solvent
The solvent plays an important but often underestimated role in the 2D ordering of the molecules at the liquid/solid interface. An example is the solvent dependent self-assembly of a monodendron 8 at the liquid/solid interface [29] .
At the 1-octanol/graphite interface, tetramers are formed which appear distorted, and from row to row, the tetramers are tilted with respect to each other ( Figure 6A-C) . Tentatively, each bright spot can be assigned to the location of a phenyl ring. The grey-like striped features are the alkyl chains. A unit cell is indicated in Figure 6A , which contains eight molecules. The distance between two adjacent alkyl chains is approximately 0.46 nm. The formation of tetramers might be due to hydrogen bond formation via the carboxylic group of one monodendron and the hydroxyl group of another monodendron. The phenyl rings are surrounded by alkyl chains. The distance between the tetramers along the vector a measures 3.80 ± 0.06 nm. The alkyl chains between the tetramers along this direction are most likely directed to the solution. At the 1-phenyloctane/graphite interface, also tetramers are formed ( Figure 6D-F) . The alkyl chains are interdigitated and separated by approximately 0.46 nm and can be divided into two sub-sets, depending on their contrast. Those two subsets are oriented perpendicular to each other. From every monodendron, two alkyl chains are oriented almost perpendicular to the unit cell vector a, and those alkyl chains are oriented along one of the main symmetry axes of graphite. The third alkyl chain which appears with a higher contrast in the images is oriented along the unit cell vector a. The difference in contrast between the alkyl chains can be attributed to their different orientation with respect to the graphite lattice. Between two tetramers are four of the latter type of alkyl chains. As a result, the distance between two tetramers along unit cell vector a (4.69 ± 0.07 nm) is longer than for the pattern at the 1-octanol/graphite interface. In the direction perpendicular to the unit cell vector a, there is an excess of two alkyl chains for every tetramer. Two solvent molecules of 1-phenyloctane are co-adsorbed per tetramer unit in the monolayer as illustrated in Figure 6E . The bright spots indicated by arrows in Figure 6E -F correspond to the phenyl groups of the co-adsorbed solvent molecules. These phenyl rings often appear rather fuzzy which suggests some motional freedom. This co-adsorption leads to a densely packed 2D monolayer.
It is remarkable that 1-phenyloctane is co-adsorbed and immobilised. 1-Phenyloctane molecules do not show any tendency to form immobilised monolayers on graphite. After all, this is one of the reasons why 1-phenyloctane is used as solvent. Although 1-phenyloctane and 1-octanol molecules are comparable in size, only the former one is co-adsorbed. This presents a clear example of the effect of solvent-solute interactions on the 2D ordering at the liquid/solid interface [30] .
The expression of molecular chirality
The manifestation of molecular chirality in essentially 2D systems can be used to control the orientation of the building blocks on a substrate [31] . When 2D crystals are formed, they often appear to be chiral. This is often true, even for achiral molecules, but the 2D crystals of achiral molecules appear in an equal amount of mirror-image type domains in the absence of any discriminating influence. In almost all cases reported so far, enantiopure molecules lead to the exclusive formation of one of the possible 2D mirror-type arrangements [32] [33] [34] [35] [36] [37] [38] . For instance, in the case of 2 and 3, molecular chirality is expressed by the orientation of the molecules within the domains: the π-conjugated backbone is oriented counterclockwise with respect to the normal on a lamella axis. Stereospecific molecule-substrate interactions result in a preferred adsorption of the enantiomer eliminating one of both mirror-image type (enantiomorphous) packings (i.e., unit cells) [39] . Within these series of oligo-p-phenylene vinylene derivatives, compound 4a and 4b take a special place. For both molecules, the arrangement of the molecules in individual rosettes is unidirectional but different for the two oligomers discussed ( Figure 2D-E) . The 4a rosettes appear exclusively to rotate clockwise (CW) ( Figure 2D ) while in 4b rosettes, the molecules are exclusively arranged in a counterclockwise (CCW) fashion ( Figure 2E ). No rosettes of opposite chirality were found. Molecular chirality is transferred to the rosette structures which in turn form chiral 2D crystalline patterns. Intuitively, one would expect that the rosettes formed would show the same 'rotation' direction, independent of the number of stereogenic centres or conjugated oligomer length. The difference in the virtual rotation direction of the 4a and 4b rosettes can be explained by balanced molecule-molecule and molecule-substrate interactions. Molecules tend on one hand to minimise the free surface area (favoured by a CCW rotation) but in order to minimise steric interactions a less dense packing might be more favourable (CW rotation). The final 2D pattern is the result of a delicate balance between hydrogen bonding, van der Waals interactions between the alkyl chains and between the stereogenic centres and the substrate, and the free surface area, which is to a large extent affected by the ratio between the length of the conjugated backbone and the alkyl chains.
Electronic properties
The way the molecules appear in STM images often depends on experimental parameters of which the bias voltage is a critical one. Indeed, STM is sensitive to the electronic properties of the adsorbates under investigation [40] . It was soon noticed that STM shows chemical sensitivity; certain functional groups (e.g., aromatic moieties, amines, sulphides) are more conductive than others (e.g., alkyl chains). Several theoretical approaches have been developed to explain the contrast of organic adsorbates in STM [41] [42] [43] . Bias dependent imaging has been used to probe the electronic levels involved in the tunnelling process [40] , but 9 is unique for the following reasons: (1) it combines an electron donor (D = oligo-p-phenylene vinylene (OPV)) and electron acceptor part (A = perylene bisimide (PDI)), covalently linked to each other and (2) the donor and acceptor parts are relatively large and well-separated in space, allowing addressing them individually [44] .
9 forms well-ordered 2D patterns when physisorbed from 1-phenyloctane on HOPG at the liquid/solid interface, as measured by STM in the constant-height mode (Figure 7) . The tunnel path through the aromatic core is tip-D-graphite or tip-A-graphite and not tip-D-A-D-graphite. Of course, the tunnelling direction (tip-graphite or graphite-tip) depends on the bias polarity. Alkyl chains occupy the dark regions between the rows of bright rods. From the high-resolution images it appears that the bright rods consist of three parts: the central part is attributed to the location of the PDI part, the outermost parts correspond to the OPV moieties.
At high negative voltages (-1.19 V to -1.06 V), the OPV parts appear brighter compared to the central PDI moiety. By changing the bias voltage from negative to positive, the PDI part gradually becomes brighter (from -0.77 V to +0.80 V). Upon further increasing the positive bias voltage, the PDI parts become brighter than the OPV units. The bias-dependent contrast changes can be explained by the schematic energy diagrams proposed in Figure 7 which are based upon a number of assumptions: (1) The tunnelling junction is asymmetric with the molecules closer to the substrate than to the tip. (2) The interaction between the molecules and the substrate is weak; physisorption does not significantly affect the energy levels of HOMO and LUMO. (3) The molecular orbital that is closer in energy to the Fermi level of the negatively biased electrode (the electron source), affects the tunnelling process stronger. (4) OPV and PDI moieties are electronically decoupled or only weakly coupled as indicated by the absorption spectrum. As depicted in the left scheme, at negative sample bias, the HOMO OPV level is located close to the Fermi level of graphite. Therefore, electrons tunnelling from graphite to the tip couple stronger to the HOMO OPV level than to the other energy levels. At high positive bias voltages (right scheme), the LUMO PDI level is closer to the Fermi level of the tip than other states and accordingly is expected to affect the tunnelling process, from tip to substrate, to a greater extent. This simplified model is in line with experimental observations: OPV moieties appear brighter (higher tunnelling current) at negative sample bias while the PDI moiety appears brighter at high positive sample bias.
This behaviour has also been confirmed by scanning tunnelling spectroscopy (STS) measurements [45] where the voltage is ramped while the feedback loop is turned off and a current-voltage graph is obtained at a certain position on the substrate.
Conclusions
Scanning tunnelling microscopy is a powerful methodology to investigate the self-assembly at the liquid/solid and air/solid interface where it provides insight in the factors controlling the molecular ordering and electronic properties of molecules forming adlayers. In analogy with the situation in solution and 3D crystals, directional non-covalent interactions such as hydrogen bonding are ideal to direct the ordering of molecules at the liquid/solid and air/solid interface. However, in contrast to the behaviour of these compounds in solution, the substrate plays an important role. The design of the molecules and the selection of a suitable liquid/solid environment are mandatory to tailor the molecule-molecule and molecule-substrate interactions.
